Introduction {#sec1}
============

Dystroglycan (DG) is an essential component of the dystrophin-glycoprotein complex (DGC) required for the maintenance of muscle membrane stability by providing a physical linkage between the myofiber actin cytoskeleton and the extracellular matrix (ECM).[@bib1], [@bib2], [@bib3] Originating from a single transcript, the DG protein is post-translationally cleaved into two subunits, α-DG and β-DG.[@bib4] α-DG is extensively glycosylated with both *N*- and *O*-linked glycans and acts as a cellular receptor for laminin and other proteins, including agrin, perlecan, neurexin, and pikachurin, and as a receptor for old world arenavirus.[@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11] Interaction with ECM proteins depends upon *O*-linked manno-glycosylation in the centrally located mucin-like domain of α-DG.[@bib12] Biochemical studies have established direct evidence for involvement of a number of the genes in glycosylation modifications of α-DG.[@bib13], [@bib14], [@bib15] POMT1 and POMT2 catalyze the initial O-mannosylation of the protein. POMGnT2 (GTDC2) acts as a protein *O*-mannose β-1,4-N-acetylglucosaminyltransferase. Recently, FKRP and FKTN have been defined as ribitol 5-phosphate (Rbo5P) transferases with cytidine diphosphate ribitol (CDP-Rbo) as substrate, adding tandem ribo5P groups to core 3 of the *O*-mannosylated α-DG.[@bib16], [@bib17], [@bib18] This structure is further extended with xylose by TMEM5 as xylosyltransferase and with GlcA by B4GAT1 as a xylose β1,4-glucuronyltransferase.[@bib19], [@bib20], [@bib21] Lastly, LARGE acts as a bifunctional glycosyltransferase with both xylosyltransferase and glucuronyltransferase activity to produce repeating units of \[--3-xylose-- α1,3-glucuronic acid-β1--\] and complete the following laminin-binding *O*-mannosyl glycan: \[3GlcAβ1-3Xylα1\]n-3GlcAβ1-4Xyl-Rbo5P1Rbo5P-3GalNAcβ1-3GlcNAcβ1-4(phospho-6)Manα1-α-DG.[@bib19], [@bib22]

Numerous forms of muscular dystrophy arise from mutations in the genes associated with the post-translational glycosylation of α-DG. All forms of muscular dystrophy sharing reduced to absent functional glycosylation of α-DG are collectively termed the dystroglycanopathies. Dystroglycanopathies have been linked to autosomal-recessive mutations in at least 18 different genes, including those genes involved directly for the synthesis of the *O*-mannosyl glycan chain as described above. Mutations in the *FKRP* gene are the most common causes of dystroglycanopathy with a wide spectrum of clinical severity, ranging from severe congenital muscular dystrophies to limb-girdle muscular dystrophy type 2I (LGMD2I), varying in age of onset, clinical presentation, and disease progression with or without cognitive deficit.[@bib19], [@bib22], [@bib23], [@bib24] The disease affects both cardiac and skeletal muscles with stress-related fiber damage followed by degeneration, inflammatory response, and regeneration.[@bib19], [@bib22] The continuous loss of muscle fibers and diminishing capacity of regeneration eventually lead to the increase in fibrotic and fat tissues and loss of function.[@bib19], [@bib22], [@bib25], [@bib26] However, clinical and therapeutic development for the FKRP-related dystroglycanopathies during the last 15 years has been largely limited to the genetic diagnosis and analyses of genotype-phenotype correlation, with no effective therapy currently available. Gene therapy, especially adeno-associated virus (AAV)-mediated gene replacement, is currently the most promising therapeutic approach for the disease as a single gene loss-of-function mutation. Preclinical animal model tests with AAV9-mediated delivery of normal FKRP have shown significant therapeutic effect on both restoration of functionally glycosylated α-DG (F-α-DG) and improvement of muscle pathology.[@bib27], [@bib28], [@bib29] However, clinical assessment remains to be conducted.

As previously reported, our group has created a number of mouse models representing *FKRP* mutations observed in human dystroglycanopathy patients.[@bib15], [@bib30] These mice harbor the *FKRP* mutations, including *L276I* (*c.826C \> T*), *P448L* (*c.1343C \> T*), and *E310X* nonsense mutation. The *E310X* mutation is embryonic lethal in homozygous mice, whereas *L276I* mutation presents mild effect with later onset. The *FKRP P448L* mutant mice, with the removal of neomycin-resistant (Neo^r^) cassette used for initial cloning and selection (P448Lneo^−^) present severe muscular dystrophic phenotype without clear involvement in the CNS, a phenotype most like that reported in LGMD2I patients.[@bib13], [@bib30] Studies of these mouse models demonstrate variable levels of F-α-DG, depending on the site of mutations and the levels of mutant FKRP expression.[@bib30] Most interestingly, diseased muscles of both mouse models and human patients can contain a small proportion of fibers expressing up to normal levels of F-α-DG (revertant fibers).[@bib31], [@bib32] Mechanisms for the restoration of F-α-DG in the revertant fibers are not clearly understood. One likely explanation is that the presence of F-α-DG indicates remaining function of the mutant FKRP protein, as it is generally understood that FKRP function is essential for F-α-DG.[@bib33], [@bib34] Therefore, revertant fibers represent specific cellular conditions capable of compensating for the functional defect caused by mutations. Such cellular conditions are initially indicated by the revertant fibers associated with regeneration markers in diseased muscles of FKRP dystroglycanopathy. Restoration of F-α-DG has now been demonstrated in skeletal muscles during regeneration and in both skeletal and cardiac muscles in early stage of muscle development in P448L mutant mice.[@bib33], [@bib34] However, direct evidence showing functionality of mutant FKRP with capacity to restore F-α-DG is still lacking. Confirmation of the functionality of mutant FKRP proteins and understanding the conditions that enable the fibers to restore the F-α-DG would be of value to several aspects of the diseases, for example, better explaining the variable disease phenotypes and, more importantly, developing novel therapies by possibly enhancing the expression of the endogenous mutant FKRP.

In the present study, we have examined the FKRP dystroglycanopathy mouse models, *P448Lneo*^*−*^, *L276I*, and *C57BL/6* wild-type mice with AAV9-mediated overexpression of mutant human FKRP with P448L mutation (mhFKRP) to assess effects on expression of F-α-DG. The P448L mutation is associated with severe CMD phenotype and fails to support the production of F-α-DG in both skeletal and cardiac muscles, except for a few revertant fibers in the *P448Lneo*^*−*^ mutant mice. In contrast to the Golgi localization of the normal FKRP, the mutant protein is predominantly mis-localized to the ER, which is a useful indicator for the nature of the protein and to be distinguished from wild-type FKRP.[@bib33], [@bib34], [@bib35], [@bib36], [@bib37] We aimed to determine whether AAV-mediated P448L mutant FKRP overexpression is able to compensate for the same mutational defect in the *P448Lneo*^*−*^ mutant mice to achieve functional glycosylation in muscles and, if so, whether the increased levels of F-α-DG is sufficient to alleviate disease severity. Overexpression of the mutant FKRP in wild-type mice would allow us to better determine detrimental effect to the muscular system without complication caused by the existing disease pathology in mutant mice. We demonstrate that overexpression of mutant FKRP restored expression of F-α-DG in the skeletal, diaphragm, and cardiac muscles in the *P448Lneo*^*−*^ mutant and *L276I* mutant mice. Expression of the mhFKRP does not disturb the expression of F-α-DG in muscles of *C57BL/6* mice. These results confirm the capacity of mutant FKRP protein for F-α-DG, support efforts to modulate endogenous mutant FKRP as potential experimental therapy, and provide evidence for use of mutant FKRP as potential alternative for gene therapy should normal FKRP gene products prove immunogenic.

Results {#sec2}
=======

AAV9-mhFKRP-P448L Treatment Restores Expression of Functional O-Mannosylation of α-DG in FKRP P448Lneo^−^ Mutant Mice {#sec2.1}
---------------------------------------------------------------------------------------------------------------------

We first examined the transgene expression in different muscle tissues 1 month after the systemic delivery of 1 × 10^13^ or 5 × 10^13^ vg/kg of AAV9 vector expressing *mhFKRP* with the P448L mutation (*c.1343C \> T*) driven by the cytomegalovirus (CMV) promoter. Immunohistochemistry with antibody to FKRP showed the majority of muscle fibers from heart, diaphragm and limb muscles treated with 5e13 vg/kg expressed detectable levels of FKRP, with the strongest signals in the cardiac muscle as reported previously ([Figure 1](#fig1){ref-type="fig"}A). Consistent with our previous report, the positive signals of the mhFKRP presented mainly as diffuse cytoplasmic staining without the specific pattern of Golgi localization, and this was further confirmed by confocal microscopic examination after double labeling for Golgi and the mhFKRP ([Figure S1](#mmc1){ref-type="supplementary-material"}). The signal intensity varied considerably between muscles and within muscles. Only a small proportion of fibers with strong signal covering almost entire cross section areas were detected (less than 10%) in skeletal, with a higher proportion of the fibers (more than 15%) in cardiac muscles ([Figure 1](#fig1){ref-type="fig"}A). The signal was most pronounced at the periphery of myofibers in the skeletal muscle. The majority of fibers contained signals only as one to a few weak small cytoplasmic speckles, and the remaining proportion of fibers lacked detectable signal. This is especially notable in the diaphragm, where more than 50% of the fibers lacked convincing signal for the mhFKRP ([Figure 1](#fig1){ref-type="fig"}A). Considerably lower levels of mhFKRP were detected in the muscles treated with 1e13 vg/kg AAV9, and only small percentage (less than 1%) of fibers were detected with positive signals as one or a few small patches within the cytoplasm in skeletal muscles. Similar levels of mhFKRP were also observed in a proportion of fibers of the cardiac muscle with signals as small weak spots, difficult to be distinguished from background ([Figure 1](#fig1){ref-type="fig"}A). The variable levels of expression were consistent with the results from western blot ([Figure 1](#fig1){ref-type="fig"}B).Figure 1Restoration of Functional Glycosylation of α-DG in the *P448Lneo*^*−*^ Mouse after AAV9-mhFKRP Treatment(A) Immunohistochemistry with antibodies (FKRP-Stem and IIH6) to FKRP and F-α-DG demonstrating dose-dependent levels of FKRP and F-α-DG signals in the majority of muscle fibers of the heart, diaphragm, and quadriceps treated with 1e13 and 5e13 vg/kg. Less than 1% of fibers with strong signal across section areas were detected in skeletal and cardiac muscles from mice treated with the lower doses of AAV9. The majority of the fibers in the diaphragm treated with both lower and higher doses of AAV9 lacks clear mhFKRP detection yet shows strong IIH6 detection. Untreated *P448Lneo*^*−*^ mice were used as controls (top left panel). The scale bars represent 200 μm. (B) Variable and dose-dependent levels of mhFKRP and F-α-DG expression were confirmed by western blot. A clear pattern of α-DG glycosylation can be observed in each tissue by both doses as compared to the untreated control to levels near that of the WT control (C57). TA, tibialis anterior muscle.

The expression of F-α-DG in the P448L mutant muscles was first assessed by immunohistochemistry with the IIH6 antibody against the laminin-binding glycan epitope. In contrast to the heterogeneous levels of mhFKRP expression in the 5e13 vg/kg AAV9-treated mice, IIH6 signals were detected as fairly homogeneous membrane staining in the skeletal muscles, although a small proportion of fibers containing weak or no signal were also observed ([Figure 1](#fig1){ref-type="fig"}A). However, almost all cardiac muscle fibers showed strong membrane signals. The levels of mhFKRP and F-α-DG showed no clear spatial correlation, with no difference in IIH6 signal intensity between those fibers with strong mhFKRP signals covering almost the entire cytoplasm and those with only a few weak points for the mhFKRP. Large proportions of fibers lacking detectable mhFKRP expression also showed membrane IIH6 staining. Consistently, despite limited numbers of muscle fibers containing detectable mhFKRP in the mice treated with 1e13 vg/kg AAV9, more than 70% fibers expressed F-α-DG in the limb muscles. Similarly, more than 50% and 80% of the fibers in the diaphragm and cardiac muscle were F-α-DG positive, although the signals were weak and patchy at membranes of most fibers ([Figure 1](#fig1){ref-type="fig"}A). This is especially notable in the diaphragm, where more than 50% of the fibers lacked convincing signal for the mhFKRP ([Figure 1](#fig1){ref-type="fig"}A). The variable levels of expression were consistent with the results from western blot ([Figure 1](#fig1){ref-type="fig"}B). The fact that the majority of muscle fibers with clearly detectable F-α-DG are without clearly detectable mhFKRP is consistent with earlier reports with wild-type FKRP expression.[@bib27], [@bib33], [@bib34], [@bib38]

AAV9-mhFKRP-P448L Treatment of *L276I* Mutant Mice Enhances Expression of F-α-DG {#sec2.2}
--------------------------------------------------------------------------------

The *L276I* mutant mice 1 month after the systemic AAV9 treatment at 1e13 vg/kg dosage showed only minimal detectable levels of mhFKRP as one to a few trace points in a small proportion of the skeletal muscle fibers. A few sporadically distributed fibers with strong signals for mhFKRP were detected in the cardiac muscle ([Figure 2](#fig2){ref-type="fig"}). Expression of mhFKRP became clearly detectable in the muscles with 5e13 vg/kg AAV9-*mhFKRP* treatment, but only less than 5% of the fibers showed strong cytoplasmic signals, and the majority of fibers remained without discernable signal. A similar pattern of the mhFKRP expression was observed in the cardiac muscles ([Figure 2](#fig2){ref-type="fig"}A). However, nearly all the muscle fibers from both heart and limb muscles and diaphragm displayed fairly uniform expression of F-α-DG, almost indistinguishable from the equivalent muscles of wild-type mice ([Figure 2](#fig2){ref-type="fig"}A). This is consistent, as the mice bearing the L276I mutation retain a moderate amount of F-α-DG in all muscles as we reported earlier and further confirmed in the control *L276I* mutant mice. The expression of both FKRP and F-α-DG was confirmed by western blot ([Figure 2](#fig2){ref-type="fig"}C). Therefore, low levels of the mhFKRP, hardly detectable by immunohistochemistry and western blot in the majority of the muscles, appear sufficient to restore the F-α-DG to near normal levels in the homozygotes of the common L276I mutation.Figure 2Expression of mhFKRP and F-α-DG (α-DG) in the Muscles of *L276I*, *P448Lneo*^*−*^, and *C57BL/6* Mice (WT) with 5e13 vg/kg AAV9-mhFKRP Treatment(A) Detection of mhFKRP and F-α-DG in the *L276I* mouse by immunohistochemistry. Expression of F-α-DG is clearly enhanced in all the muscles treated with AAV9-mhFKRP (middle column) when compared to the untreated (first column left). Mutant hFKRP forms patchy cytoplasmic red staining in a small proportion of the muscle fibers (second column right). The scale bars represent 200 μm. (B) Detection of mhFKRP and F-α-DG by immunohistochemistry in the WT mice. The mhFKRP expression did not affect the expression of detectable F-α-DG. The scale bars represent 200 μm. (C) Expression of both FKRP and F-α-DG in the 3 mouse models detected by western blot is shown. Lanes are marked as "−" untreated control samples and "+" AAV9-mhFKRP-treated samples 1 and 2 (from 2 treated mice).

AAV9-mhFKRP-P448L Treatment of *C57BL/6* Mice for 1 Month Results in mhFKRP Expression without Affecting Expression of F-α-DG {#sec2.3}
-----------------------------------------------------------------------------------------------------------------------------

The pattern of mhFKRP expression in the muscles of the *C57BL/6* mice was similar to that observed in the muscles of *L276I* mutant mice. AAV9 treatment at 1e13 vg/kg showed only a few fibers with minimally detectable mhFKRP expression in all muscles. Mutant hFKRP was clearly detected by immunohistochemistry in the muscles with 5e13 vg/kg AAV9 treatment, but the positive fibers with strong cytoplasmic signal in the skeletal muscle were less than 1% and almost all other fibers contained no discernable signal. In the cardiac muscle, mhFKRP expression was easily detected in about 5% of fibers with strong signal, and the remaining fibers were either negative or contained weak signal as small stipples ([Figure 2](#fig2){ref-type="fig"}B). Expression of mhFKRP could not be clearly demonstrated in the skeletal muscles by western blots ([Figure 2](#fig2){ref-type="fig"}C). No significant difference in the expression of F-α-DG was detected between the AAV9-mhFKRP-treated and control mice as assayed by both immunohistochemistry and western blot ([Figures 2](#fig2){ref-type="fig"}B and 2C).

One-Month High-Dose AAV9-mhFKRP-P448L Treatment Improves Muscle Pathology of the *P448L* Mutant Mice {#sec2.4}
----------------------------------------------------------------------------------------------------

We examined the histology of muscles from *P448L* mutant, *L276I* mutant, and *C57BL/6* mice one month after the AAV9 treatment. No pathological changes were detected in the *C57BL/6* muscles ([Figure 3](#fig3){ref-type="fig"}A). The dystrophic pathology in the *L276I* muscle at the age of 10 weeks was minimal with only a few scattered degenerating fibers and a small proportion of centrally nucleated fibers (CNFs). No clear difference was observed between the AAV9 treated and the untreated control mice. In the *P448Lneo*^*−*^ mutant mice, the low dose (1e13 vg/kg) of AAV9 treatment showed relatively limited effect on dystrophic pathology of the skeletal muscles, but a decrease in CNF was observed when compared to the untreated controls ([Figure 3](#fig3){ref-type="fig"}B). A reduction in fibrotic tissue in the diaphragm was also observed in the AAV9-*mhFKRP*-treated mice compared to the untreated group, with a higher degree of improvement associated with the higher dose AAV9 treatment as illustrated in [Figures 3](#fig3){ref-type="fig"}B and [S2](#mmc1){ref-type="supplementary-material"}. At the age of 10 weeks, the cardiac muscle pathology of the *P448Lneo*^*−*^ mutant mouse is limited to sporadic small areas of mononuclear cell infiltration and minor expansion of space between fibers. There was no clear difference in histology of the heart between the treated and untreated groups.Figure 3Morphological Analysis of Control and mhFKRP-Treated WT(*C57BL/6*) and *P448Lneo*^*−*^ Mice(A) H&E staining of WT and *P448Lneo*^*−*^ mice 1 month after the treatment with 5 × 10^13^ vg/kg AAV9-mhFKRP-P448L. Treatment with mhFKRP reduced monocyte infiltration and central nucleated fibers in the mutant *P448L* mice. No clear changes are observed between treated and control WT groups. The scale bars represent 200 μm. (B) Centrally nucleated fibers in skeletal muscles of *P448Lneo*^*−*^ mice are shown. Significant reduction is observed after both 1e13 and 5e13 vg/kg AAV9-mhFKRP treatment in the mutant mice. Error bars represent the SEM: \*\*p \< 0.01.

Six-Month Treatment of AAV9-mhFKRP-P448L Restores Expression of F-α-DG and Reduces Muscle Pathology in *FKRP P448Lneo*^*−*^ Mice {#sec2.5}
--------------------------------------------------------------------------------------------------------------------------------

To assess longer term effects of the mhFKRP overexpression, we further examined the *P448Lneo*^−^ mutant mice 6 months after AAV9-mhFKRP-P448L treatment. The levels of mhFKRP expression decreased considerably compared to that observed at 1 month after treatment. Immunohistochemistry showed only a few sporadically distributed fibers with signals as one or two small points, most of which were located near the sarcolemma in skeletal muscles of the mice treated with 1e13 vg/kg AAV9 ([Figure 4](#fig4){ref-type="fig"}A). Signals for mhFKRP were not detected by western blot in all skeletal muscles and only minimally detectable in the cardiac muscle ([Figure 4](#fig4){ref-type="fig"}B). The expression of F-α-DG in the mice treated with 1e13 vg/kg AAV9, however, remained detectable in the majority of fibers of limb skeletal muscle and the diaphragm by immunohistochemistry, although positive membrane signals were weak and patchy ([Figure 4](#fig4){ref-type="fig"}A). Expression of F-α-DG was also easily detected in the cardiac muscle. However, the levels of F-α-DG were difficult to be clearly demonstrated by western blots ([Figure 4](#fig4){ref-type="fig"}B). Expression of mhFKRP was clearly detected at the sarcolemma in a small proportion of fibers of the skeletal muscle from the mice treated with 5e13 vg/kg as shown in [Figure 4](#fig4){ref-type="fig"}A. The expression was demonstrated in more than 30% of cardiac myocytes, with variable levels by immunohistochemistry and as clear bands by western blot. F-α-DG was detectable with the IIH6 antibody in the majority of fibers in skeletal muscles with relatively weak but homogeneous signals on membrane ([Figure 4](#fig4){ref-type="fig"}A). Similarly, weak signals were detected in the majority of cardiac muscle fibers. The expression of F-α-DG was clearly demonstrated in both skeletal and cardiac muscle by western blot ([Figure 4](#fig4){ref-type="fig"}B).Figure 4H&E Staining and Immunohistochemical Detection of F-α-DG and mhFKRP Expression in *C57BL/6* (WT) and *P448Lneo*^*−*^ Mice Six Months after AAV9-mhFKRP Treatment(A) H&E staining, left panel. Detection of mhFKRP (red) with FKRP-Stem antibody and F-α-DG (green) with IIH6 antibody in untreated, 1e13 vg/kg, or 5e13 vg/kg treated quadriceps, diaphragm, and heart tissues is shown. Dose-dependent restoration of F-α-DG was observed in *P448Lneo*^*−*^ tissues. Mutant hFKRP was not clearly detected in the treated WT mice, and no change was observed in the IIH6 signal between the treated and control WT mice. The scale bars represent 100 μm. (B) Detection of mhFKRP and F-α-DG in quadriceps, diaphragm, and heart by western blot is shown. Enhanced F-α-DG was detected in the mhFKRP-treated *P448Lneo*^*−*^ mice. Mutant hFKRP was detected only in the heart of higher dose AAV9-mhFKRP-treated WT mice.

We also examined the effects of the mhFKRP expression on pathology of the *P448Lneo*^−^ mice 6 months after initial treatment. Importantly, the treated mice showed a dramatic improvement in dystrophic markers in a dose-dependent manner, with TA and quadriceps having significant reduction in CNF even at the lower dose of 1 × 10^13^ vg/kg. Reduction in CNF, although less dramatic, was also observed in the treated diaphragm ([Figures 4](#fig4){ref-type="fig"}A and [5](#fig5){ref-type="fig"}A). Fiber size distributions were not significantly changed at 1 × 10^13^ vg/kg dose. At the higher dosage of 5 × 10^13^ vg/kg AAV9, the numbers of CNFs and monocyte infiltration were significantly reduced, becoming almost comparable to wild-type (WT) control in the skeletal muscles. This improvement led to a normalized fiber size distribution in the diaphragm and limb muscles ([Figure 5](#fig5){ref-type="fig"}A), represented by the reduction in the coefficient of variance (CV) in fiber size of treated group as compared to untreated tissues, indicating a more homogeneous fiber morphology ([Figure S3](#mmc1){ref-type="supplementary-material"}). Significant improvement in muscle pathology also included the reduction in fibrosis in skeletal muscle, particularly in the diaphragm by Masson's trichrome staining ([Figure 5](#fig5){ref-type="fig"}B). Pathology in cardiac muscle of the mutant mice remained limited at about 6 months with only small amounts of fibrotic tissue. Nevertheless, Masson's trichrome staining showed a considerable decrease in fibrotic areas of the treated mice when compared with the control mice ([Figures 5](#fig5){ref-type="fig"}B and 5C).Figure 5Histological and Morphological Analysis of Control and mhFKRP-Treated WT and *P448Lneo*^*−*^ Mice Six Months after mhFKRP Administration(A) Morphometrically measured benefit of mhFKRP expression to *P448Lneo*^*−*^ mice with significantly reduced centrally nucleated fibers in the TA, quadriceps, and diaphragm, as well as normalization in fiber size distribution pattern. (B) Masson's-trichrome-stained tissues of untreated and treated *C57BL/6* (WT) and *P448Lneo*^*−*^ mice are shown. The scale bars represent 200 μm. (C) Quantification of fibrosis indicated by Masson's trichrome staining is shown. Significant reduction in fibrosis was observed in the skeletal muscles of the treated *P448Lneo*^*−*^ mouse. No significant change was observed between the treated and control WT mice, including cardiac tissues from all mice. Error bars represent the SEM.

During the period after the AAV9 treatment, the mice showed no abnormal behavioral or physical indications (data not shown). H&E staining and serum enzyme tests showed normal histology and functions for the liver and kidney in all AAV9-treated mice (data not shown).

Mutant hFKRP-P448L Expression Has No Effect on Muscles of *C57BL/6* Mice Six Months after Treatment {#sec2.6}
---------------------------------------------------------------------------------------------------

Six months after the treatment with either dose of AAV9, the levels of mhFKRP expression became undetectable by immunohistochemistry and western blot in all skeletal muscles of the normal *C57BL/6* mice. However, signals of mhFKRP in the cardiac muscle were detected from the mice treated with the higher dose AAV9 by western blot but significantly less than that observed in the *P448Lneo*^*−*^ mutant mice under the same dose treatment ([Figure 4](#fig4){ref-type="fig"}). The expression of F-α-DG of the treated mice remained largely indifferent from the control mice. There was no pathology in all muscles from the mice treated with both doses of the mhFKRP when compared to the normal *C57BL/6* mice ([Figures 4](#fig4){ref-type="fig"}A and [5](#fig5){ref-type="fig"}B).

Discussion {#sec3}
==========

Loss of functional *O*-mannosylation of α-DG is the direct cause of muscle degeneration in dystroglycanopathies, including those with *FKRP* mutations. However, one intriguing biochemical feature in muscles bearing *FKRP* mutation is the presence of revertant fibers expressing F-α-DG.[@bib15], [@bib30] Early studies in patient-derived diseased muscles identified the majority of revertant fibers as small in caliber and with central nucleation. Further, these fibers also express embryonic myosin, suggesting that they are associated with muscle regeneration.[@bib32], [@bib33] We recently examined revertant fibers in two strains of *FKRP P448L* mutant mice (*c.1343C \> T*; p.Pro448Leu), one with the neomycin-resistant (Neo^r^) cassette (*P448Lneo*^*+*^), and one with the cassette removed (*P448Lneo*^*−*^).[@bib15] The *P448Lneo*^*+*^ mouse muscles express very low levels of the mutant FKRP and are associated with a more severe disease phenotype with CNS defects and embryonic or perinatal lethality. In comparison, the *P448Lneo*^*−*^ mice have relatively higher levels of mutant FKRP with a milder disease phenotype without CNS involvement and breed normally.[@bib30] Of these *FKRP P448L* mutant mice, the presence of revertant fibers is limited to the muscles from *P448Lneo*^*−*^ mice and can be experimentally created by damage-induced muscle regeneration.[@bib33] However, no clear expression of F-α-DG is demonstrated in the regenerating muscles of the *P448Lneo*^*+*^ mice. A similar pattern in expression of F-α-DG is also observed in muscles of *P448Lneo*^*−*^ homozygote neonates, but not *P448Lneo*^*+*^ counterparts.[@bib34] These results therefore suggest that *P448L* mutant FKRP retains certain levels of function and in the right circumstance is capable of restoring F-α-DG. Data from the current study now validate our notion that mutant FKRP, including P448L associated with clinically severe congenital disease phenotype,[@bib13], [@bib24] retains sufficient capacity to restore normal levels of F-α-DG when overexpressed through AAV9-mediated gene delivery. One limitation in this study may be the use of the CMV promotor to drive the expression of mhFKRP, as the levels of transgene expression are likely higher than the same AAV construct if driven by another clinically preferred muscle-specific promoter. Therefore, the dose used to achieve therapeutic effect in this study will not be appropriate for dose estimation in the clinic. We also observed considerable decline in transgene expression by 6 months after the AAV9 treatment. The use of CMV promoter may be partly responsible.[@bib39], [@bib40] Furthermore, the use of human mutant FKRP, which shares 94% sequence similarity to the mouse FKRP, could also elicit immune response that could lead to decline in expression as reported earlier for the human dystrophin expression in mouse.[@bib41] The decline in transgene expression by 6 months may well explain the reduced therapeutic effect in some muscles with low viral dosage observed in this study.

The confirmation that FKRP mutations associated with severe disease phenotype could be sufficient to restore near normal levels of F-α-DG and rescue disease phenotype has several important implications to the mechanisms of the disease and further development of experimental therapies. One potential application is to use mutant FKRP for gene therapy. Current gene therapy strategies for the muscular dystrophies apply WT forms of a mutated gene to replace the lost function of that target gene. WT forms are generally considered preferable as therapeutic genes for achieving maximal functional restoration with minimal doses of transgene. However, variants of wild-type gene have been tested as transgene for treating muscular dystrophy, exemplified by the use of mini- and micro-dystrophin for Duchenne muscular dystrophy (DMD) due to size limitations in packaging by viral vectors, especially AAVs.[@bib41] The use of truncated forms of dystrophins is initially rationalized from the observation that dystrophin with in-frame deletion mutations can be associated with mild Becker muscular dystrophy (BMD).[@bib42] The mini- and micro-dystrophins therefore can be considered as mutant forms of dystrophin with reduced function, and their use for gene therapy has so far been largely successful in animal model studies. Thus, application of a mutant FKRP with reduced function for gene therapy utilizes the same principle but addresses the potential immune response of recipient to the presence of non-natural amino acid sequences expressed by a transgene. Currently, there is no clear means to determine preclinically whether a transprotein with limited sequences difference from the wild-type protein could elicit immune response and diminish the transgene expression in clinics. Animal model studies with transgene containing neo-sequences have largely reported minimal immune response to transgene products, as exemplified by the use of mini- and micro-dystrophin gene therapy for DMD. However, when human dystrophin is expressed in mice, immune response to human dystrophin is detectable.[@bib41] Furthermore, an early clinical trial with a truncated dystrophin reports cytotoxic T cell response, which is associated with unexpected low levels of transgene expression, although the exact mechanism for the immune response remains unclear.[@bib43], [@bib44] Gene therapy expressing a protein variant with only 3 amino acid difference from the natural protein has also reported immune response to the trans-protein in clinical trials.[@bib45] Clearly, identical protein sequence as expressed by patients is ideal, and the common *L276I* mutation could be one of choice, as homozygote mutations are almost invariably associated with mild LGMD2I with reduced rather than complete loss of F-α-DG. Furthermore, most compound heterozygotes also contain *L276I* mutation, enabling this mutant transgene to be applied to more than 90% of the cases with FKRP mutations without introducing new sequence variants to the patient. However, the use of mutant FKRP as transgene for therapy is not currently warranted, as the probability of a single amino acid difference between the wild-type FKRP and the mutant FKRPs to elicit immune response is considered low. Our findings nevertheless offer an alternative if required.

One concern associated with gene therapy is the potential side effects of overexpression of a trans-protein. Recently, Gicquel et al.[@bib46] described a dose-dependent reduction of F-α-DG in muscles of wild-type and an *L276I* mutant mouse model after local AAV2/9-FKRP intramuscular injection. Associated with the reduction of F-α-DG in the high-dose AAV2/9-FKRP-injected muscle is significant inflammation and muscle damage, as demonstrated by both histology and infiltration markers. Although the authors reported that injection of an AAV2/9 vector not coding for any protein did not affect glycosylation of α-DG, the local immuno-stimulatory effects and pathology of the control AAV-treated muscles are not described. It is therefore difficult to conclude whether the reported local effects of the AAV treatment is the result of FKRP overexpression or a local injection-related event. At the same time, the authors report significant therapeutic effect of the *FKRP* gene therapy in *L276I* mutant mice without any toxicity via systemic administration. Effective gene therapy for muscular dystrophy will certainly rely on systemic restoration of target gene expression. Our earlier studies of systemic delivery of AAV9 with doses higher than that reported by Gicquel et al. also show no identifiable side effect.[@bib27], [@bib29], [@bib38] In the current study, we demonstrate that overexpression of *P448L* mutant FKRP systemically restores up to near normal levels of F-α-DG in 2 strains of mutant FKRP mice with improved dystrophic phenotype and results in no histological evidence of damage to muscles in both the *C57BL/6* and *L276I* mutant mice. The levels of mutant FKRP expression are very high within 1 month, likely due to the use of the CMV promotor, in a proportion of skeletal and cardiac muscle fibers. These fibers remain histologically normal, with clear membrane signals for F-α-DG. Our earlier study with normal FKRP as the transgene produced a similar result in the same FKRP mutant model.[@bib27] The collective data therefore suggest that overexpression of FKRP up to the levels that can achieve restoration of normal levels of F-α-DG via systemic delivery of the transgene is not associated with detrimental effect within the time frame examined.

In summary, our study confirms the notion that FKRP mutations, even those associated with severe disease phenotypes, retain partial function. The fact that no side effects are detected in association with the overexpression of the mutant FKRP in both normal and mutant mice supports the potential use of mutant FKRP as alternative for gene therapy to restore functional glycosylation of α-dystroglycan.

Materials and Methods {#sec4}
=====================

AAV Vector Construction and Production {#sec4.1}
--------------------------------------

The mutant FKRP construct ΔC1343T (P448L) was generated by PCR-directed mutagenesis using primers containing the mutant nucleotide underlined: P448L-MF1-mhFKRP, 5′-CTTCCTGCAGCTGC[T]{.ul}GGTGC-3′; and P448L-MR1-mhFKRP, 5′-GCACCAGC[A]{.ul}GCTGCAGGAAG-3′ (Stratagene), as described previously.[@bib35] The full 1,488-bp coding sequence of mhFKRP-P448L was sub-cloned into AsiS1 site of the pAV-FH vector under the control of the CMV promoter. AAV9 viral stocks with the recombinant AAV vector were produced according to the three-plasmid co-transfection method by ViGene Biosciences, Rockville, MD.

Mice {#sec4.2}
----

AAV9 vector expressing the human FKRP with the *P448L* mutation (*c.1343C \> T*; *mhFKRP*) was administered intravenously in homozygous *P448Lneo*^*−*^, *L276I*, and *WT* (*C57BL/6 /Bl6*) mice. The mice were treated once at 6 weeks of age with the doses of 1 × 10^13^ vg/kg and 5 × 10^13^ vg/kg body weight in sterile saline suspension (referred to as 1e10 and 5e10 groups) and assessed 1 month and 6 months after treatment for muscle histology and immunohistochemical features. This study was carried out in accordance with the recommendation in The Guide for the Care and Use of Laboratory Animals of the NIH, and the protocol was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) Carolinas Medical Center (10-13-08A). A minimum of three mice (n ≥ 3) were used for each experimental group in all experiments, with six mice in each experimental group except the six-month control C57BL/6, which had 4 mice.

Immunohistochemical and Western Blot Analysis {#sec4.3}
---------------------------------------------

Tissues collected were snap frozen in liquid-nitrogen-chilled isopentane. Cross sections of 6 μm thickness were cut from the frozen tissues and stained with H&E, Masson's trichrome, or immunofluorescent protocols. Immunohistochemical staining of F-α-DG was performed on serial sections fixed with ice-cold 50% ethanol and 50% acetic acid for 1 min and blocked with 8% BSA in PBS for 1 hr. Primary antibody against α-DG (IIH6C4; Millipore, Temecula, CA, USA) in 1% BSA at 1:500 dilutions was incubated overnight at 4°C. For FKRP-Stem 829 (FKRP-Stem) immunostaining, sections were incubated with the primary antibody[@bib36], [@bib37] (a gift from Dr. Derek Blake), washed three times for 10 min with PBS, and finally incubated with Alexa-488-conjugated anti-mouse or Alexa-Fluor-594-conjugated anti-rabbit secondary antibodies (Life Technologies, Carlsbad, CA, USA) at 1:500 dilution. For Golgi marker GM-130 (GM-130) immunostaining, sections were incubated with the primary antibody (BD Biosciences, San Jose, CA, USA), washed three times for 10 min with PBS, and finally incubated with Alexa-488-conjugated anti-mouse or Alexa-Fluor-594-conjugated anti-rabbit secondary antibodies (Life Technologies, Carlsbad, CA, USA) at 1:500 dilution. Immunostaining controls consisted of matched sections stained with secondary antibody only as negative control. Positive fibers in detection of α-DG or mhFKRP were calculated from counts of ≥1,000 total number of fibers in triplicate tissue cross sections and expressed as percent (positive fibers/total fibers) × 100.

H&E-stained sections and immunofluorescence were visualized using an Olympus BX51 fluorescent microscope (Opelco, Dulles, VA, USA). Images were captured using an Olympus DP70 CCD camera system (Opelco, Dulles, VA, USA) at standard gain and matched exposure times.

For western blot analysis, tissue sections (10 μm) were lysed in Triton lysis buffer containing 1% Triton X-100, 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1% SDS, and a Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA). The protein concentration of cleared lysates was determined using the Bradford method (Bio-Rad, Hercules, CA, USA). Total protein 50 μg each, unless specified otherwise, was analyzed on 4%--15% Criterion Precast Gel (Bio-Rad, Hercules, CA, USA) and transferred onto supported nitrocellulose membrane (Bio-Rad, Hercules, CA, USA).

For western blot α-DG detection, membranes were blocked after gel transfer with 3% milk in PBS for 2 hr at room temperature before addition of primary antibody. The immunoglobulin M (IgM) anti-α-dystroglycan primary antibody IIH6C4 (Millipore, Temecula, CA, USA) was used at dilution 1:2,000 in fresh blocking buffer and incubated for 1 hr at room temperature prior to overnight incubation at 4°C. Membranes were washed briefly several times with ddH2O. Secondary antibody, horseradish peroxidase (HRP)-goat anti-mouse IgM (Pierce, Rockford, IL, USA) at a dilution of 1:3,000 was incubated for 2 hr at room temperature, washed with ddH2O, and followed with a final wash with PBS+0.05% Tween 20 for 5 min. Resultant blot was briefly saturated with Western-Lightning Plus ECL (Perkin-Elmer, Wellesley MA, USA) before exposure and developing of GeneMate auto-radiographic film (VWR, Radnor, PA, USA).

For western blot FKRP detection, membranes were blocked after gel transfer with 5% milk in TBS+0.05% Tween 20 for 2 hr at room temperature. Primary antibody used was affinity-purified polyclonal rabbit anti-FKRP (C-terminal; sequence NPEYPNPALLSLTGG) produced in our laboratory applied at a dilution of 1:500 in fresh blocking buffer and incubated overnight at 4°C. Membranes were washed with 1× TBS-T to remove unbound primary antibody twice for 10 min followed by incubation with horseradish-peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad), washed, and briefly saturated with Western-Lightning Plus ECL (Perkin-Elmer, Wellesley, MA, USA) before exposure and developing of auto-radiographic film (GeneMate). For loading controls, α-actin, or anti-α-glyceraldehyde 3-phosphate dehydrogenase GAPDH, membranes were blocked after gel transfer with 5% milk in TBS+0.05% Tween 20 for 2 hr at room temperature. Primary antibodies used were rabbit polyclonal anti-α-actin (Sigma-Aldrich, St. Louis, MO) and GAPDH (Thermo Fisher Scientific, Rockford, IL, USA) applied at a dilution of 1:500 and 1:3,000, respectively, in fresh blocking buffer and incubated overnight at 4°C. Membranes were washed twice with 1× TBS-T to remove unbound primary antibody for 10 min followed by incubation with horseradish-peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad), washed, and briefly saturated with Western-Lightning Plus enhanced chemiluminescence (Perkin-Elmer, Wellesley, MA, USA) before exposure and developing of auto-radiographic film (GeneMate).

For blot densitometry measurements, films generated from western blots were scanned to image files and used for densitometric measurement with ImageJ. All measures were normalized to background and internal references or controls. For densitometric comparisons, regions of interest (ROIs) of equal dimensions were used for treatment and control groups and were normalized by local background. All measures were performed in triplicate using ImageJ v1.51i.[@bib47]

Histopathology and Morphological Analysis {#sec4.4}
-----------------------------------------

Tissue photomicrographs captured at standard magnification with calibrated scale bars (Olympus America, Center Valley, PA, USA) were used for measures including counts of CNFs and fiber size distributions using ImageJ (v1.5i). A minimum of 4 H&E-stained tissue sections were used where tissue cross sections represented all areas of assessed tissues, with a minimum of 3,000 ROIs for size analysis, or individual fibers counts for assessing centrally nucleated fiber counts. Sections from snap-frozen tissues stained with modified Masson's trichrome protocol were captured as digital images as described previously and assessed for collagen using color thresholds to calculate content as a percentage by (ROI area/total area) × 100.

Statistical Analysis {#sec4.5}
--------------------

Simple comparisons were performed using Student's t test, where two-tailed p value ≤ 0.05 was considered significant. Power analysis was used to ensure an appropriate number of samples were included in all measures, with n selected in comparisons to be equivalent to larger sample size determined through power analysis. Statistical significance where noted in figures is used as follows: \*p \< 0.05; \*\*p \< 0.01; and \*\*\*p \< 0.001.
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